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Dynamics of the triplet-pair state reveals the likely
coexistence of coherent and incoherent singlet
fission in crystalline hexacene

Nicholas R. Monahan', Dezheng Sun?, Hiroyuki Tamura3, Kristopher W. Williams', Bolei Xu?*,
Yu Zhong', Bharat Kumar', Colin Nuckolls', Avetik R. Harutyunyan5, Gugang Chen5, Hai-Lung Dai*,
David Beljonne®*, Yi Rao** and X.-Y. Zhu™

The absorption of a photon usually creates a singlet exciton (S;) in molecular systems, but in some cases S, may split into
two triplets (2xT;) in a process called singlet fission. Singlet fission is believed to proceed through the correlated triplet-
pair '(TT) state. Here, we probe the '(TT) state in crystalline hexacene using time-resolved photoemission and transient
absorption spectroscopies. We find a distinctive '(TT) state, which decays to 2xT, with a time constant of 270 fs.
However, the decay of S, and the formation of '(TT) occur on different timescales of 180 fs and <50 fs, respectively.
Theoretical analysis suggests that, in addition to an incoherent S;—'(TT) rate process responsible for the 180 fs timescale,
S, may couple coherently to a vibronically excited '(TT) on ultrafast timescales (<50 fs). The coexistence of coherent and

incoherent singlet fission may also reconcile different experimental observations in other acenes.

sion efficiency of solar cells! has motivated significant research

effort. The prevalent model for singlet fission dates back to the
discovery of the phenomenon approximately 50 years ago and
involves the formation of two distinct triplets from an intermediate
!(TT), often called a correlated triplet-pair state>*. This mechanism
is described in a two-molecule picture as

| he potential for singlet fission to increase the power conver-

Sy +S, 5 Y(TT) s 2T, 1)

where Sy is the ground state, S; is the singlet excited state and T} is
the triplet excited state. The correlated triplet pair, '(TT), has singlet
spin and double-excitation character and may be called a multi-
exciton or biexciton state*. This model was proposed by Merrifield
and Johnson® and elaborated by Suna®. Smith and Michl*? carried
out extensive analysis and pointed out that the rate of singlet fission
is the rate for the formation of 2T, not that of '(TT). Here, the two
triplets in 2T, have lost electronic coherence, but can remain
spin-coherent for much longer times.

Within the model described by equation (1), YTT) is formed
incoherently from S;, a state that is usually synonymous with the
molecularly localized Frenkel exciton (FE) but may contain substantial
charge transfer (CT) character in crystalline organic semiconductors’~>.
In contrast, Greyson et al'® proposed that S; and '(TT) can
form quantum coherently, particularly in the presence of
CT-mediated electronic coupling. The quantum coherent model
has found support from the experiments of Zhu and co-workers,
who observed the nearly simultaneous formation of '(TT) and
S; in time-resolved two-photon photoemission (TR-2PPE)
spectroscopy of polycrystalline pentacene!! and tetracene!’. The
electronic coupling between S; and Y(TT) mediated by the CT com-
ponents may allow '(TT) to borrow oscillator strength from the

optically bright FE state®!>!4, and the broad electronic and excitonic
bandwidths expected in crystalline organic semiconductors'>~'” may
aid in meeting the energy resonant condition'®. A recent analysis of
magnetic dipoles also suggested the delocalized band nature of the
!(TT) state in crystalline tetracene'.

The nature of the !(TT) state has been under debate recently.
Some believed that there was little difference between (TT) and
2T, and proposed a single electronic state, TT, which is formed
from S, through a non-adiabatic or adiabatic transition?>*!. The
absence of a distinct (TT) state seems to be in conflict with the
quantum coherent model'!%, but a recent two-dimensional
photon echo study?? supported the quantum coherent model and
showed that the coupling is of mixed electronic-vibrational character
(that is, vibronic).

To address the existence of a distinct '(TT) state during singlet
fission, we investigate crystalline hexacene. We chose crystalline hex-
acene, because singlet fission is highly exoergic and '(TT) should be
energetically well separated from S; and T,. S; resides 1.48 eV above
So (ref. 23). A theoretical prediction®* puts T, at 0.46 eV above S, in
the gas phase. The triplet pair is expected at >0.56 eV below S;.
Transient absorption (TA) studies on polycrystalline hexacene and
derivatized hexacene reported singlet fission timescales of ~0.5 ps
(ref. 25) and ~5 ps (ref. 26), respectively.

We probed singlet fission in crystalline hexacene using two
complementary techniques: TR-2PPE and TA spectroscopies. The
energy resolution of TR-2PPE allowed us to detect a distinctive
Y(TT) state at 0.59 eV below S;. TR-2PPE also revealed that the
decay of S; and the formation of Y(TT) occur on different timescales
of 180 fs and 45 fs, respectively. TA spectroscopy confirmed the
appearance of a triplet-like spectral signature on the ultrafast time-
scale of <50 fs. Rate equation calculations and quantum dynamics
simulations suggest that an incoherent S; — '(TT) rate process is
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Figure 1| TR-2PPE and UPS determine quantitatively the energetic positions of S;, '(TT) and T, above So. a, UPS spectrum (hv = 21.22 eV) of a 10-nm-thick
hexacene film deposited on Si(111). The energy scale is referenced to the vacuum level and the So or HOMO peak is labelled. Inset: an energy-level
diagram of all excitonic states referenced to So. b, Pseudo-colour plot of TR-2PPE spectra collected with hv;=1.48 eV and hv, =4.20 eV. ¢, 2PPE spectra
obtained at a pump-probe delay of At =175 fs with ht;=1.48 eV and hv, = 4.20 (red) or 4.70 eV (blue), respectively. d, Pseudo-colour plot of TR-2PPE
spectra collected with hv;=1.48 eV and hv, = 4.70 eV. Note that, near-zero pump-probe delay in b and d, there is a contribution to the 2PPE signal by
surface charge-transfer excitons?® resulting from the ultraviolet pump and near-infrared probe at At <0 fs. The pump and probe laser pulse energy densities

are 6 and 0.6 W cm™?, respectively.

responsible for the 180 fs S; decay time, but the vertically excited S;
may also coherently couple to a vibronically excited '(TT) on ultra-
fast timescales (<50 fs). These results suggest the coexistence of
coherent singlet fission from the initial S; with more vertical and
delocalized character and incoherent singlet fission at long times
from a more relaxed and localized S;.

Results and discussion

In the first experiment, we used polycrystalline hexacene thin films
(~10 nm thick) vapour-deposited on a bare Si(111) surface in ultra-
high vacuum (UHYV). Figure la shows the valence band structure
revealed by ultraviolet photoemission spectroscopy (UPS). Here, the
ionization energy of Sy, located at —0.90 +0.05 eV (referenced to the
Fermi level), represents the position of the highest occupied molecular
orbital (HOMO). Also shown by UPS are HOMO-n (n=1, 2,...)
peaks similar to those in pentacene (Supplementary Fig. 1).

We focus on excitons probed in TR-2PPE. This is a pump-probe
technique where a pump pulse (hv,) creates a transient population
of excitonic states that are subsequently ionized by a second pulse
(hv,), with electrons detected by an energy analyser!''2. The
electron kinetic energy gives the ionization potential of each
state?”. The laser system consists of two home-built noncollinear
optical parametric amplifiers (NOPAs) pumped by a Yb-doped
fibre laser (Clark-MXR Impulse)?®®. This allows independent
tuning of hv; and hv,, with cross-correlation (CC) of the two
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pulses characterized by a full-width at half-maximum (FWHM) of
99 + 5 fs. We fix hv, at 1.48 eV, which is the lowest Sy—S, transition
energy?® and tune hv, to reach resonant conditions for the ioniz-
ation of each excitonic state (Supplementary Fig. 2).

Figure 1b presents a pseudo-colour (intensity) representation of
TR-2PPE spectra as a function of pump-probe delay (At), obtained
with hv,=4.20eV. We observe the short-lived S; peak at
0.58 £ 0.05 eV, which is at the expected 1.48 eV above S,, and a
transient peak at —0.01 + 0.05 eV, that is, 0.59 £ 0.05 eV below S,
assigned to '(TT) as it is at the position of the triplet pair. The
Y(TT) peak intensity decreases when we tune hv, away from the res-
onant condition, as illustrated in Fig. 1d for hv, =4.70 eV. At this
hv,, the 1(TT) peak merges into a broad distribution, but CC analy-
sis at the position for '(TT) shows the same kinetic profile as that
from the well-resolved '(TT) in Fig. la (Supplementary Fig. 3).
The higher photon energy permits the ionization of the long-lived
T, state located at 0.44 +0.05 eV above S,. Note that, due to the
high repetition rate (1 MHz) of the laser, there is a steady-state
accumulation of long-lived T} states that give rise to a photo-ionization
signal at negative At (Supplementary Fig. 4). Figure lc shows
representative 2PPE spectra at a pump-probe delay of At=175 fs
for two ionization photon energies: hv,=4.20 and 4.70 eV. At
hv, =4.70 eV, we also observe a peak (labelled X’) at ~0.44 eV
below S;. The position of this peak differs from that of S; by the
energy of T; and shows dynamics identical to those of S;. It is
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Figure 2 | A comparison of experimental cross-correlations and associated
fits for S;, '(TT) and T;. The solid black curves are mean experimental data
and the grey shading represents standard deviation. The experimental
curves are from TR-2PPE spectra with different hv, and integrated across a
small energy window (0.1eV) within the spectra where each state is best
resolved. The solid coloured lines are kinetic fits as detailed in the text.

The black dashed curve is the laser pump-probe cross-correlation

(CC, FWHM =99 £5 fs), and the purple-curves (reproduced on each kinetic
profile) are the time integrations of the CC that represent the predicted rise
in population that would be expected due to direct optical excitation.

assigned to the second ionization potential of S; with predominantly
CT character, as suggested by Yost et al.? (Supplementary Fig. 5).
The inset in Fig. 1a summarizes the energetic positions of Sy, Ty,
(TT) and S,. These results show that there is little binding energy
(<0.01 eV) for the two triplets in crystalline hexacene.

We also examined the dynamics of S, Y(TT) and T, states from
TR-2PPE. The experimental CCs for the three states are presented
in Fig. 2. The black dashed curve is the Gaussian CC of the pump
and probe pulses. The purple curve (reproduced for each state) is
a time-integration of CC and represents the expected rise of a popu-
lation directly formed from photo-excitation. A comparison of the
purple curves to the experimental data shows that S; is formed by
optical excitation, but there is a delay in forming YTT) or T,.
Functional fits to the data are shown as solid coloured curves. The
S, signal is well described by a convolutlon of CC and an exponen-
tial decay with time constant TS =180+ 10 fs. We fit the '(TT)
profile with a convolut1on of CC and two exponent1als a rise with
time constant of 4. =45 + 20 fs and a decay with 7. =270 + 10 fs.
The '(TT) state possesses both singlet and triplet-pair character-
istics. For the latter, photo-ionization leaves behind a T, state,
plus a hole in the HOMO; this results in an electron kinetic
energy equal to that of the T, state!’. Because the decay of Y(TT)
is expected to give 2xT;, the TR-2PPE kinetic profile at the T,
energy can be described by a linear sum of contributions from
Y(TT) (blue curve) and T, (orange curve) from the decay of LTT)
with a time constant of 79, =270 + 10 fs.

To further understand the '(TT) state, we carried out a TA study
on hexacene single crystals (1.2 um thickness). Optical transition
cross-sections are highly anisotropic not only for the So—S; tran-
sition?, but also for transitions from excited states, as demonstrated
by Kolata et al.?* in the identification of the promptly formed '(TT)
state in perfluoropentacene. Here, the hv, = 1.55 eV pump pulse and
the white light probe pulse were focused onto the sample through a
x10 microscope objective with the polarizations of both beams
parallel to the b crystalline direction, which is defined as the one
having the lowest energy resonance in the absorption spectrum?.

Figure 3a,b presents two-dimensional pseudo colour plots of TA
spectra as functions of probe photon energy and pump-probe delay
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(At) for a pump pulse energy density of p=0.90 mJ cm 2. Photo-
excitation results in ground-state bleaching (GB) peaked at 1.74
and 1.89 eV, respectively®>; the threshold bleaching peak at ~1.48 eV
is outside this probe window. The excited state absorption (EA)
(Fig. 3b), features two long-lived EA peaks, T; (a) and T, (b) at 2.05
and at 2.25 eV, respectively, assigned to the T, — T,, transitions?>>%%!,
and a broad, short-lived peak in the range of ~2.15-2.45 eV. The
latter has been assigned by Busby et al.?> as the EA of the S, state,
which overlaps with T; (b). The most striking result from Fig. 3b
is that the two EA peaks assigned to T; rise concurrently with
that of S;, as well as the GB of Sj in Fig. 3a. To further illustrate
this, Fig. 3c presents spectra of the EA region at selected pump-
probe delays (At). Except for the extra intensity under the broad
peak in the range of ~2.15-2.45 eV attributed to S; at the shortest
time (At=0.06 ps), the spectral shape remains nearly constant in
the entire time window (Af=0.06-2.5 ps), thus confirming the
presence of a T,-like EA signal formed within the experimental
time resolution (+50 fs), as determined by the pump-probe cross
correlation (blue curve in Fig. 3d).

Figure 3d presents kinetic profiles at 1.74 and 1.89 eV for the GB
spectral region. The ultrafast rises in AT/T due to photo-excitation
are followed by a slight decay in the time window shown here.
Kinetic fits are based on a convolution of the laser CC curve (blue
curve) and an apparent decay time constant of 30 10 ps. The
decay probably results from T;-T; annihilation at the high exci-
tation density, as confirmed at a lower pump pulse energy density
of p=0.15m]J cm™> where decay was negligible (Supplementary
Fig. 6a). Note that triplet decay due to annihilation is a second-
order process, which may be probed on longer timescales. We
restricted our focus to the short time dynamics presented here.

Figure 3e shows kinetic profiles in the EA spectra region:
hv,=2.05¢V for T; (a) and hv, =225 and 2.39 eV for T, (b). All
kinetic profiles are characterized by rises in EA (-AT/T) within the
experimental time resolution. Thus, we conclude that a T,-like state
is formed on ultrafast timescales (<50 fs). Beyond the ultrafast rise,
the kinetic profiles of the two T EA peaks differ on a longer time-
scale. For T; (b), probing at 2.25 and 2.36 eV shows similar
profiles, each well-described by kinetic fits consisting of a fast decay
of 7¢ =180 + 30 fs, followed by the slow decay with a time constant
of 74 =30+ 10 ps attributed to T,-T; annihilation. Here, the fast
decay comes from the short-lived and overlapping S, peak and 7¢
is the same as the S; decay time of Tg =180 + 10 fs seen in TR-
2PPE. The kinetic profile of the isolated T, (a) at 2.05 eV is well
described by an ultrafast rise within the experimental time
resolution, followed by a nearly steady-state signal in the probe
time window. The absence of slow decay attributed to T;-T; annihil-
ation at this probe photon energy is due to a rise in the T, population,
as is obvious at lower excitation densities (Supplementary Fig. 6b).

Before presenting a unified view on singlet fission in hexacene,
we must point out a common misconception in representing the
time-dependent population of a state by the time-dependent
change in spectroscopic signal. In reality, the signal in conventional
spectroscopy is proportional to the product of population p and
transition cross-section ¢. Here, the optical transitions in TA for
the '(TT), isolated T; and S, states are given by

NT, T ) YT, T,) (2)
T, 2T, 3)
S, 58, (4)

We note that, although both equations (2) and (3) contribute to
the T; — T, signal in transient absorption, they may have different
transition cross-sections and time-dependent populations.
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Figure 3 | Transient absorption spectroscopy reveals the ultrafast
appearance of a triplet-like signature. a,b, Two-dimensional pseudo-colour
plots of TA spectra from single-crystal hexacene excited at 1.55 eV and with
the probe white light polarized along the b crystalline axis. Note the
different colour scales for the ground-state bleaching in a and excited-state
absorption in b. ¢, TA spectra at the indicated pump-probe delays.

d.e, Kinetic profiles obtained from vertical cuts in a and b, respectively. In
each case, the data points were averaged over the indicated probe photon
energy range (¥0.01 or £0.02 eV). Red curves are kinetic fits as detailed in
the text. The blue curve in d is the laser pump-probe CC. The pump laser
pulse energy density is 0.9 mJ cm™.

The two transitions in TR-2PPE of the '(TT) state are rep-
resented as

NT,T)) 25 b+ e (5a)
NT,T,) 25T, +h +e (5b)

where expression (5a) reveals the singlet character and expression
(5b) the triplet-pair character of the Y(TT) state. The latter
leaves behind T, as a final state. The transitions from an isolated
T, and an S; of FE and/or CT character are given by

T, S h'+e (6)
S, B ht+e 7)

In TR-2PPE, h™ represents a hole in the HOMO and e a final mole-
cular resonance above the vacuum level or a free electron state
(Supplementary Fig. 2).

Both TR-2PPE and TA measurements show the optical exci-
tation of the S; state, which decays with a time constant of
TS =180 fs. We observe the distinct '(TT) peak in 2PPE with a
rise time constant of 45+20 fs and T,-like absorption in TA
within 50 fs. This initial }(TT) state is probably an excited T,
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given the 0.59 eV energy difference between S; and the triplet
pair. The excess excitation energy in '(TT)* is probably vibronic
in nature, as suggested by Bakulin et al.?* for singlet fission in pen-
tacene derivatives. TR-2PPE (Fig. 1b) and TA (Fig. 3c) show little
change in peak position within the lifetime of the excited '(TT)*
state. One possible interpretation is that similarities in the geome-
tries of intermediate and final states in the probe step may leave
much of the excess vibrational energy in the final state. There is
also limited time resolution: as shown in the following, a
quantum dynamics simulation reveals ultrafast loss of the
vibrational energy in the mode of interest to the phonon bath and
we may not have sufficient time resolution to resolve this process.

Energy—resolved TR-2PPE measurements show the clear decay of
the '(TT) state with a time constant of 74 = 270 + 10 fs, leading to
an additional T, signal with the same rise time, TT =280 + 30 fs
(Supplementary Fig. 6). The two EA peaks at ~2. 05 and ~2.25 eV
probe not only the triplet-pair character of the '(TT) state but
also the isolated T, states. The relative cross-sections for the
T, - T,, transition from '(TT) (0,) and T, (03) can be different, as
is evident from the different kinetic profiles for T; (a) and T, (b)
in Fig. 3d,e. The TA data in Fig. 3 are obtained with probe light
polarization along the b crystalline direction. For polarization
along the a direction (Supplementary Fig. 7), we find that o5 is
larger than o0,. As a result, the kinetic profile for the T; (a) EA
peak shows the slow rising T, signal with an amplitude ~1.5
times that of the ultrafast '(TT) signal. Interestingly, the slow rise
component shows an apparent time constant of 700 + 50 fs along
a, which is 2.5 times the 280 fs time constant along b. An average
of these apparent time constants accounts for the 530 fs singlet
fission time observed in TA from polycrystalline samples®.
Polarization and crystalline angle-dependent transient absorption
has been observed before for singlet fission in perfluoropentacene®
or tetracene®”**. In the time window of ~280-700 fs for hexacene
probed here, the most likely transient species are correlated triplet
pairs (equation (2)) and isolated triplets (equation (3)), and the
EA signal along the b direction may contain a greater contribution
from the former than that along the a direction.

The main puzzle from the experimental findings is the distinc-
tively different timescales: S; decays with Tgl =180 fs, while '(TT)
is formed with f,<50 fs and decays to 2xT, with
79, =270 + 10 fs. Neither a coherent superposition mechanism
nor an incoherent rate process alone can explain the three time-
scales. To understand singlet fission in hexacene, we carried out
incoherent rate and coherent quantum dynamics calculations.

We start by considering incoherent singlet fission from S;, which
is expected to occur in the inverted Marcus regime. In ref. 25, a multi-
phonon relaxation theory was applied to acenes and predicted an
singlet fission time of ~2 ps in hexacene. A refined model treats
these interactions exactly in the framework of the Fermi golden
rule and, as done here, its Marcus-Levich-Jortner formulation34,
which accounts for coupling to classical low-frequency phonons
and for quantum-mechanical tunnelling via a dominant high-fre-
quency vibrational mode (as usual, the stretching/breathing mode
at 1,450 cm™")?, When using essentially the same parameters as in
ref. 25 (electronic coupling of 30 meV, internal and external reorgan-
ization energies of 250 and 100 meV, respectively), we obtain an SF
time constant of ~160 fs for a driving force, AEgp= 2E(T1) - E(Sy),
of —0.59 eV, in excellent agreement with the measured 7¢ . The cor-
responding values for AEgg=—0.11 eV and 0.11 eV in pentacene and
tetracene are 80 fs and ~10 ps, respectively (Fig. 4a), in agreement
with experimental data!’?%3-37, Despite the success in predicting
the S; decay rates, the incoherent model cannot account for the
much faster formation (<50 fs) of '(TT) states observed in exper-
iments. To overcome this limitation, we turn to a coherent model
and a quantum dynamics calculation (for details see Supplementary
Information, pages 8-9).
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The initial conditions correspond to excitation of S;.

M
hv
T+ T,

So

Figure 5 | Summary of singlet fission mechanism in crystalline hexacene.
Red: S, state. Green: vibrational manifold of '(TT). Blue: two individual
triplets. There can be a coexistence of coherent and incoherent singlet
fission. The initial S; with more vertical and delocalized character can
coherently couple to a vibronically excited '(TT) on ultrafast timescales
(<50 fs) and a more relaxed and localized S; may undergo an incoherent
S1—'(TT) rate process with the 180 fs time constant. The '(TT) state
separates into two triplets on a timescale of 270 fs.

The experimental timescale of 75, < 50 fs is consistent with the
quantum coherent formation of an excited '(TT)* state, probably
vibronic in nature, from S;. Among a number of possibilities of
vibronic coupling, the large AEgy in hexacene is, for example, com-
mensurate with three vibrational quanta of the 1,450 cm™
vibrational mode and, for illustrative purposes, we consider
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coherence involving S;®n =0 and Y(TT)®n = 3 (where the notation
®n =i indicates a product state with a vibrational wavefunction in
quantum state n=1i). Because the experimental 7 <50 fs is on
the order of the vibrational period of 7, = 23 fs (for the 1,450 cm™
mode), we suggest that the crossing point between the S; and the
'(TT) potential energy surfaces is probably close to or within the
Franck-Condon region for the initial optical excitation, Sy—S;
(Supplementary Fig. 8). In this scenario, vibrational wavepacket
motion from the initial Franck-Condon region to the formation
of $; and '(TT)®#n =3 superposition can occur on the ultrafast
timescale of 7,. To understand the vibronic coherence, we
perform quantum dynamics simulations for a model two-electronic
state system using the multi-configurational time-dependent
Hartree (MCTDH) method®*. Here, we explicitly include 30
high-frequency and 18 low-frequency vibration modes, out of
which we construct one effective mode*® at 1,450 cm™' and a set
of bath modes. The electronic coupling (30 meV) and the reorgan-
ization energies for the high-frequency (240 meV) and low-
frequency vibrations (30 meV) are comparable to those used in
the Marcus-Levich—Jortner rate calculations above. The MCTDH
calculations show that the initially prepared S;®n=0 Franck-
Condon state quickly evolves into a coherent superposition
(Fig. 4b) with the resonant Y(TT)®n = 3 state. The build-up of the
vibronic coherence is accompanied by a small population transfer
to the triplet-pair states, mostly '(TT)®n =3 with a rise time of
40+ 10 fs (Fig. 4c), in excellent agreement with experiment and
followed by vibrational redistribution among the n =0, 1, 2, 3 states.
Such ultrashort time scales for vibrational energy redistribution
are known for poly-atomic molecules in the condensed phase®!.

345

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nchem.2665
http://www.nature.com/naturechemistry

ARTl C LES NATURE CHEMISTRY Dpor: 10.1038/NCHEM.2665

On a longer timescale, we see dephasing and population conversion
from S, (blue) to (TT) (red) with a time constant of ~100 fs, which
is slightly shorter than that of the incoherent rate calculation.

We propose the following mechanism for singlet fission in crys-
talline hexacene (Fig. 5). (1) Initial photon absorption (black arrow)
excites the vertical and delocalized S, state, which (2) evolves into
vibronic coherence with '(TT), on an ultrafast timescale (<50 fs)
and then dephases. (3) Concurrent with step (2), the vertical and
delocalized S; state relaxes (hollow arrow) to a more adiabatic and
localized S, which undergoes an incoherent rate process with a
characteristic timescale of 180 fs to form *(TT),,. The (TT),, result-
ing from either steps (2) and (3) can undergo vibrational redistribu-
tion and relaxation (dashed arrow). (4) The 1(TT) separates into two
triplets—that is, singlet fission—with a characteristic time constant
of 270 fs. Note that on much longer timescales (ns), the two triplets
can remain spin-coherent'*#2. The proposed mechanisms may also
reconcile differences in the literature on singlet fission mechanisms
in pentacene and tetracene. Thus, the two prevailing proposals for
crystalline acenes, quantum coherent®!!"!* or incoherent?®2!:*>37,
may each have revealed part of this singlet fission mechanism.
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